Understanding the effects of global change in terrestrial communities requires an understanding of how limiting resources interact with plant traits to affect productivity. Here, we focus on nitrogen and ask whether plant community nitrogen uptake rate is determined (a) by nitrogen availability alone or (b) by the product of nitrogen availability and fine-root mass. Surprisingly, this is not empirically resolved.
| INTRODUCTION
Increasing the mechanistic detail of the terrestrial biosphere models (TBMs) used to predict global climate change requires functional relationships between plant-, community-, and ecosystem-level processes (Fisheret al., 2018 (Fisheret al., , 2015 Lichstein et al., 2014; Weng et al., 2015) . However, empirically based information about these relationships is often lacking. Empirical data may fail to provide guidance either because sufficient data do not exist or because data are contingent on variables that do not appear in the TBM. Thus, targeted empirical studies that use model-relevant variables are important for increasing the accuracy of model predictions.
Among the recent advances in TBMs is the coupling of carbon dynamics with nitrogen dynamics (Hungate, Dukes, Shaw, Luo, & Field, 2003; Peñuelas et al., 2013; Wang & Houlton, 2009) , which was spurred by the recognition that many or most terrestrial ecosystems are (at least) colimited by nitrogen availability (LeBauer & Treseder, 2008) . Operationally, this coupling requires interaction between the carbon and nitrogen statuses of plants and soils (Gerber, Hedin, Keel, Pacala, & Shevliakova, 2013; Thornton, Lamarque, Rosenbloom, & Mahowald, 2007; Zaehle et al., 2010) . One of the important mechanisms of interaction is the process of plant community nitrogen uptake rate (Warren et al., 2015) . From our survey of twelve coupled carbonnitrogen TBMs (CN-TBMs, summarized in Supporting Information Table S1 ), one third of CN-TBMs assume that nitrogen uptake rate is driven only by nitrogen availability (Figure 1a ), whereas two-thirds of CN-TBMs assume that nitrogen uptake rate is some function that depends on both nitrogen availability and fine-root mass (Figure 1b, c) .
Most CN-TBMs include a variety of other dependencies, including temperature and plant demand. Although there are exceptions, the models that include fine-root dependence are more recent (Supporting Information Table S1 ). This is because fine roots take up nitrogen, and so adding fine roots to the nitrogen uptake function seems like an obvious mechanistic improvement (e.g. Ghimire, Riley, Koven, Mu, & Randerson, 2016) .
It may seem evident that models that include fine-root mass in their nitrogen uptake rate functions should better approximate reality. A plant community with zero fine-root mass will take up zero nitrogen, and the uptake rate must increase with root mass from that obvious starting point. Moreover, there exists a wealth of physiological theory and data on fine-root function that is normalized on a per-fine-root mass basis (Bassirirad, 2000; Kronzucker, Siddiqi, & Glass, 1995; Tinker & Nye, 2000) , such as the Michaelis-Menten uptake kinetics for nitrate and ammonium. However, per-fine-root mass-based traits may not scale linearly to the stand-level at which CN-TBMs are parameterized for several reasons, including soil resource and fine-root heterogeneity, interactions with other limiting resources, and game-theoretic fine-root "overproliferation."
Fine-root overproliferation is perhaps easiest to understand as a belowground analog to the evolution of height in trees (Falster & Westoby, 2003; Givnish, 1982) . Trees evolved height not because it is optimal for light capture; trees in a tall forest receive no more light than a shrub in a nearby clearing. Instead, it was the fitness benefit that individuals received by being relatively taller than their neighbors that allowed them to more than replace themselves in subsequent generations and for directional selection to thus increase average height allocation. As absolute tree height increased, a fitness benefit kept going to individuals that were relatively taller, which continued to drive selection to greater height allocation. Similarly, individuals with relatively greater fine-root mass (or area) than their neighbors experienced greater nitrogen uptake rates via mass flow and diffusion. If nitrogen was limiting, this conferred a fitness benefit that allowed them to more than replace themselves in subsequent generations and for directional selection to thus increase average fine-root mass. As absolute fine-root mass increased, a fitness benefit kept going to individuals that had relatively greater fine-root mass, which continued to drive selection to greater fine-root mass (Craine, 2006; Gersani, Brown, O'brien, Maina, & Abramsky, 2001; McNickle & Dybzinski, 2013) .
Like tree height, fine-root overproliferation is driven by individual-level selection but has consequences at the community-level. To the extent that fine-root overproliferation has occurred, it may actually decouple community-level fine-root mass from community-level nitrogen uptake rates 
The predominant assumptions in terrestrial biosphere models linking plant nitrogen uptake with nitrogen availability and fineroot mass: mean (independence of fine-root mass), (a), linear (multiplicative dependence on fine-root mass), (b), or saturating (multiplicative and saturating dependence on fine-root mass), (c). Examples of models that use each assumption are provided (see Supporting Information Table S1 for references) Farrior, Wolf, Reich, & Pacala, 2011) . To use an analogy, extant fineroot systems at the community-level may be like a huge sponge that is brought to soak up a small spill, that is, the community has "surplus" uptake capacity due to its evolutionary history. If fine-root overproliferation is an important factor in plant systems, then the CN-TBMs that do not make nitrogen uptake rates a function of fine-root mass ( Figure 1a ) may be closer to reality than the other, generally newer ones that do (Figure 1b,c) . This clearly calls for an empirical resolution.
Here, we repurpose a classic experimental method (van der Werf, Visser, Schieving, & Lambers, 1993) to elucidate the relationship between plant community nitrogen uptake rate, community fine-root mass, and nitrogen availability (Figure 2 ). Briefly, via sequential harvest of numerous plants growing from seed in microcosms, we track (a) total plant nitrogen over time and (b) total fine-root mass over time. As long as plant nitrogen losses are negligible for the seedlings, the derivative of total plant nitrogen with respect to time is necessarily the nitrogen uptake rate (Garnier, 1991) . We relate this nitrogen uptake rate to fine-root mass at any given time point to determine the functional relationship between plant community nitrogen uptake rate and fine-root mass. We determine the dependence on nitrogen availability by growing sets of plants with different soil nitrogen availabilities.
Importantly, the method requires no assumptions about root physiology or root overproliferation. We used this methodology with microcosms of three separate species in semihydroponic sand culture, with microcosms of 14 separate species in soil, and with microcosms of a two-species replacement series in sand culture.
We also include reanalyzed data from two other published pot experiments for which the data outlined above were available and from seven forest field studies for which fine-root mass and community-level plant nitrogen uptake rates were measured. In total,
we present results from 46 unique species, nitrogen levels, and growing conditions.
| MATERIAL AND METHODS

| Overview
We present methods and results from five separate activities in the main text: (1) a sand culture microcosm experiment, (2) a soil culture microcosm experiment, (3) a sand culture two-species replacement series microcosm experiment, (4) previously published pot experiments reanalyzed, and (5) previously published field data reanalyzed.
Of the three experiments that we conducted (1-3), the main differences were substrate (sand vs. soil), the origin of plant-available nitrogen (liquid fertilizer for sand vs. natural soil organic matter decomposition and nitrogen mineralization for soil), and the numbers and identities of the species used (1: three species, 2: fourteen species, and 3: two species). We first describe how the data were collected for each of these activities and then follow it with a description of the methods of analysis, which are largely shared by the different activities.
Note that the supplemental online material (SOM) also includes details and results of a separate microcosm experiment that used the same methods but that additionally manipulated the density of seedlings per microcosm. Figure S5 ), we used 0.35 L ribbed polystyrene "party cups" with no drainage, which guaranteed that no supplied nitrogen would be leached out.
|
We treated each species with three different nitrogen application rates, with two replicates per nitrogen application rate per each of eleven weekly harvests. This therefore is a regression experiment where low replication for a single harvest is counterbalanced by a large number of harvests (Cottingham, Lennon, & Brown, 2005; Hughes & Freeman, 1967) . In all, each species had 3 nitrogen levels, 11 harvests, and 2 replicates for 66 microcosms per species and 198 microcosms total. We seeded each microcosm with approximately 12 seeds, which we gently misted for 2 weeks before initiating the regular fertigation and watering protocol described below. The germination rates of Pinus and Poa (median = 9/microcosm for each)
were much higher than the germination rate of Schizachyrium (median = 3/microcosm, Supporting Information Figure S1 ). Within each species, we conducted a two-way ANOVA of harvest date and nitrogen treatment on the number of seedlings per microcosm and found no significant effects and no trends, indicating that the variation in seedling numbers (Supporting Information Figure S1 ) was not significantly different between experimental treatments nor confounded with them.
We prepared liquid fertilizer by combining 1.34 g/L minimal-ni- 
| Data collection: (2) Soil microcosm experiment
We conducted experiment 2 between March and July of 2017 using the same facilities and lighting described above for experiment 1. Step 1: raw data
Step 1: raw data
Step 2: calc. N uptake rate vs fine root mass Step 3: find most parsimonious model S a tu r a ti n g L in e a r Mean
Step 3 F I G U R E 2 Mock data and an overview of the method used to relate nitrogen uptake rate to root mass (c) for our microcosm experiments (both sand culture and soil) and for our reanalysis of previously published pot experiment data. The nitrogen uptake rate is calculated as the derivative of total plant nitrogen uptake with respect to time (a), and root mass is taken as its predicted value from the data (b). Data that generated three example data points in (c) are highlighted in (a) and (b) (pink, green, and purple). Finally, we use maximum likelihood methods and AICc scores to find the most parsimonious model from among the three models shown in Figure 1 : mean, NUR = c; linear with zero intercept, NUR = mR; and saturating with zero intercept, NUR = νR kþR . For the mock data shown (d, e), the linear model is the most parsimonious (where ΔAICc measures the difference between a given model's AICc and the lowest AICc of all the models). Because the saturating model can approximate both the mean model (k = 0) and the linear model (k ≪ R), it will invariably fit the data as good or better than the mean or linear models, but the saturating model has an extra parameter penalty in AICc. For the mock data shown, the saturating fit is nearly identical to the linear fit (it is slightly offset in the figure so that both lines can be seen) information on nitrogen mineralization in the soil, we could not accurately calculate the fraction of the supply that was taken up anyway, removing the only reason to use a closed pot. We watered the microcosms uniformly as needed, typically every other day.
Because we were interested in distributing our sampling effort of 504 microcosms across as many species as possible, we used one replicate per species per fertility level per each of 12 weekly harvests, again following a regression approach where low replication for a single harvest is balanced by frequent harvests (Cottingham et al., 2005; Hughes & Freeman, 1967) . In all, each species had 3 fertility levels, 12 harvests, and 1 replicate for 36 microcosms per species and 504 microcosms total. We planted approximately 10 seeds per species and then thinned to near constant density per species (Supporting Information Figure S7 ). Three species failed to establish in the lower fertility soils (Betula, Robinia, and Trifolium). Table S3 ). We thus merged data from these two treatments into a single "low fertility" treatment with greater replication.
| Data collection: (3) Sand culture two-species replacement series microcosm experiment
We conducted experiment 3 between March and July of 2017 using the same facilities and lighting described above for experiment 1, except that we used only the intermediate 0.10 g/L (1.25 mM) ammonium nitrate (NH 4 NO 3 ) treatment.
The goal of this experiment was to determine whether an individual plant's fraction of community-level nitrogen uptake, U i =∑U, correlates with its fraction of community-level fine-root mass, R i =∑R, that is, is relative fine-root mass related to competitive ability for limiting nitrogen, R i =∑R / U i =∑U? We were interested in individuallevel competition, not species-level competition. We grew two species from the sand culture microcosm experiment together, Schizachyrium and Poa, not because we were interested in species-level competition, but rather because we believed we could separate Schizachyrium and Poa fine roots by appearance. Thus, the experiment really determines whether a population's (e.g. Schizachyrium's) fraction of the total fine-root mass correlates with its fraction of the total nitrogen taken up by the community. This is a reasonable proxy for individual-level insights because if R i =∑R / U i =∑U is true, then nR i =∑R / nU i =∑U must also be true, where n is the number of individuals in the Schizachyrium population.
To examine the anticipated effects of density and frequency dependence, we thinned microcosms to four unique density and frequency combinations: one Schizachyrium + two Poa individuals, three Schizachyrium + six Poa individuals, two Schizachyrium + one Poa individual, and six Schizachyrium + three Poa individuals. We created 12 replicates of each combination (4 combinations × 12 replicates = 48 microcosms total), which we harvested weekly once the seedlings were established (i.e. 12 harvests total). For the first four harvests, we were completely confident in our separation of Schizachyrium and Poa fine roots because the root systems of individual plants could be separated without tearing. We were moderately confident in our ability to separate the species for harvests five through eight; deeper fine roots sometimes tore and it was not always obvious which species they belonged to. We were not very confident in our ability to separate the species for the last four harvests, where a great deal of tearing occurred. We present relative uptake data for only the first four harvests and community-level measures across all the harvests. However, the relative uptake trends observed in the eight harvests for which we are not perfectly confident about species separation are similar to those in the first four harvests (Supporting Information Figure S15 ). Aboveground mass was always separated to species with confidence.
| Data collection: (4) Previously published pot experiments, reanalyzed
Poorter, Vijver Claudius, Boot Rene, and Lambers (1995) grew an inherently fast-growing C3 grass, Holcus lanatus, and an inherently slowgrowing C3 grass, Deschampsia flexuosa in semihydroponic sand culture using two different levels of nitrogen fertigation in a growth chamber.
Their experiment lasted for between 21 and 49 days from first harvest, depending on growth rate, with harvests thrice weekly and between six and eight replicates per unique treatment per harvest. Trinder, Brooker, Davidson, and Robinson (2012) grew the C3 grass Dactylis glomerata and the forb Plantago lanceolata in an agricultural soil. Their experiment lasted 76 days, with 17 harvests of three replicates per harvest. Unlike our microcosm experiments, both of these studies used just one seedling per pot (hence our decision to refer to them as "pot experiments" and not "microcosm experiments"). Further details can be found in the original publications.
| Data collection: (5) Previously published field data reanalyzed
Because many of the special conditions of microcosm-grown plants (e.g. soil volume, environmental conditions, ontogeny, community composition) may limit the generalizability of our experiments (Poorter et al., 2016), we also sought data from field studies that would allow us to relate plant nitrogen uptake rate with fine-root mass. We searched the following string without the outermost quotes "("nitrogen uptake" or "N uptake") and ("fine root" or "fine roots")" in Web of Science (webofknowledge.com) on 26 July 2017, which returned 178 results. We went through the results and found seven field studies that reported per unit soil area plant community nitrogen uptake rates and fine-root mass for multiple plots within the same DYBZINSKI ET AL.
| 889 geographic area. We contacted authors of studies that appeared to collect, but not report, these data. "Alaska taiga" sampled stands along an elevational gradient in low fertility soil at the Bonanza Creek Experimental Forest (Ruess, Vancleve, Yarie, & Viereck, 1996 (Finzi et al., 2007) . "Wisconsin temperate" used~50-year-old monotypic forest plantations of different species in intermediate fertility soil at the University of Wisconsin arboretum (Nadelhoffer, Aber, & Melillo, 1985) . "Duke FACE" used an~18-year-old Pinus taeda plantation in low fertility soil under ambient or elevated CO 2 (Finzi et al., 2007) . "Pop-Euro FACE" used a Populus sapling plantation in high fertility soil under ambient or elevated CO 2 (Finzi et al., 2007) . "Japan deciduous" used~100-year-old cool-temperate deciduous forests with topographical changes in soil nitrogen (Tateno, Hishi, & Takeda, 2004; Tateno & Takeda, 2010) . Finally, "ORNL FACE" used a~14-year-old Liquidambar styraciflua plantation in intermediate fertility soil under ambient or elevated CO 2 (Finzi et al., 2007) . Where multiple years of data existed, we averaged by experimental unit to avoid pseudoreplication. We present details on each study's methods for calculating nitrogen uptake rate and fineroot mass in Supporting Information Table S4 .
| Analysis: Harvests & calculations for microcosm and pot experiments 1-4
In all of the microcosm (1-3) and pot experiments (4), plants were harvested at regular intervals. At each harvest, biomass was separated into leaf, stem (including thick tap roots where present), and fine roots.
Except for thick tap roots, all roots were <1 mm diameter and thus classified as "fine roots," and no necrotic roots were observed at harvest (including the previously published studies). Unlike field studies, where it is challenging to estimate fine-root mass, we were able to wash substrate clear of fine roots and confidently collect all of the fine-root mass in a microcosm, that is, we did not subsample.
After drying, weighing, and grinding, tissue nitrogen concentrations were measured via combustion or, for Poorter et al. (1995) , the Kjeldahl method. The previously published studies used slightly different methods of estimating tissue nitrogen concentrations. Poorter et al. (1995) determined tissue nitrogen concentrations using the combined plant material from all harvests (i.e. spanning all the replicates across the entire duration of the experiment), but separately for each organ, species, and nitrogen level. Trinder et al. (2012) determined tissue nitrogen concentrations using each replicate by itself, but with all organs combined. In experiments 1-3, we determined tissue nitrogen concentrations separately for leaf, stem (when applicable), and fine roots for each replicate. Because it is difficult to precisely measure nitrogen concentrations using the small mass typical of seedlings, we performed a data averaging procedure in the spirit of the averaging used by Poorter et al. (1995) but which does not obscure possible changes in tissue nitrogen concentrations with ontogeny: We fit splines to our nitrogen concentration data by harvest date for every unique treatment and organ, omitted outliers (identified as having residuals above or below the predicted value by 1.5 standard deviations), fit a new spline to the remaining data (i.e. the splines in Supporting Information Figures S3a-f, S9 , and S13), and used the predicted value at a given harvest date when calculating total plant nitrogen. We used a cubic smoothing spline (specifi- ures S2, S8, S12 and S16) to determine the relationship between fineroot mass and nitrogen uptake rate (Figure 2c ). By repeating this for different species and nitrogen treatments, we were able to determine -for the first time-the full relationship between nitrogen availability, fine-root mass, and nitrogen uptake rate. The method is similar to the method used by van der Werf et al. (1993) , except that we do not divide the nitrogen uptake rate by total fine-root mass before reporting results. We bootstrapped this process by randomly sampling with replacement the same number of fine-root mass and total plant nitrogen data points from the relevant data set (i.e. experiment, species, nitrogen level) and then recalculating the plant nitrogen uptake rate from the bootstrapped data. We repeated this process 500 times per experiment, species, and nitrogen level in order to provide an estimate of uncertainty.
| Analysis: Model selection for all activities, 1-5
For every unique relationship between plant community nitrogen uptake rate (NUR) and fine-root mass (F), we used maximum likelihood methods to fit parameters (c, m, v, k) (Cavanaugh, 1997) and ranked them from lowest (most parsimonious) to highest (least parsimonious) (Figure 2e ). In the rare instances when the difference between the lowest and second-lowest AICc scores was less than or equal to two, we deemed both models equally parsimonious.
| RESULTS
Across all 46 unique species, nitrogen levels, and growing conditions examined, plant community nitrogen uptake rate was independent of fine-root mass in 31 (63%), linearly related to fine-root mass in 4 (8%), and saturated with fine-root mass in 14 (29%) (Table 1, note that three cases were equally-well explained by independent and saturating fits).
| Microcosm and pot experiments 1-4
In the microcosm (exps. 1-3) and pot experiments (exp. 4), both biomass (Supporting Information Figures S2, S8 , S12 and S16) and total plant nitrogen (Supporting Information Figure S4 , S10 and S14) generally increased at a greater rate at higher nitrogen availability, and root mass fraction generally decreased with increasing nitrogen availability (Supporting Information Figures S2, S8 , S12 and S16). Tissue nitrogen concentrations generally decreased over time (Supporting Information Figures S3, S9 and S13) . For the sand culture experiment (exp. 1), the fraction of supplied nitrogen taken up by plants increased with time (Supporting Information Figure S5 ). Overall, different species exhibited qualitatively similar but quantitatively different responses for all of these measures.
For the sand culture microcosm experiment (exp. 1), plant community nitrogen uptake rates were independent of fine-root mass but increased with nitrogen availability across all three species (Figure 3) . For the soil microcosm experiment (exp. 2), plant community nitrogen uptake rates were independent of fine-root mass in 15 cases, linearly related to fine-root mass in two cases, and saturated at low fine-root mass in nine cases (Figure 4 ). There were no obvious trends in the distribution of these responses across angiosperms versus gymnosperms or between low and high nitrogen availability.
As in the sand culture experiment (exp. 1), plant community nitrogen uptake rates in the soil experiment (exp. 2) increased with nitrogen availability (Figure 4 ). For the sand culture two-species replacement series microcosm experiment (exp. 3), the fraction of nitrogen taken up by Schizachyrium was positively correlated with its fine-root mass (Figure 5a, Supporting Information Figure S15 ), but the communitylevel plant nitrogen uptake rate (i.e. Schizachyrium and Poa together) showed no dependence on fine-root mass (Figure 5b ).
In the previously published pot experiments (exp. 4), plant nitrogen uptake rates for individual seedlings were dependent on nitrogen availability (Figure 6a,c) , increased at small fine-root mass, and either saturated (Figure 6a,c) or declined (Figure 6b,d) at larger fineroot mass (Table 1) . Data from Poorter et al. (1995) show a saturating relationship between plant nitrogen uptake rate and fine-root mass, with greater nitrogen uptake rates occurring at higher nitrogen availability (Figure 6a,c) . Data from Trinder et al. (2012) show an initially saturating relationship between fine-root mass and plant nitrogen uptake rate, with a decline in uptake rates at larger fine-root mass (Figure 6b,d ).
| Previously published field studies 5
In previously published field studies (exp. 5), plant community nitrogen uptake rate was most parsimoniously explained as linearly related to fine-root mass in the "Alaskan taiga" and "Aspen FACE" studies ( Figure 7a ,b) and as independent of fine-root mass in the remaining five studies (Figure 7c-g ).
| DISCUSSION
We sought to determine the empirical relationship between plant community nitrogen uptake rate, nitrogen availability, and fine-root mass using a variety of new microcosm experiments (exps. 1-3), reanalysis of published pot experiments (exp. 4), and published field observations (exp. 5). An important goal was to empirically determine the most appropriate mathematical relationship for use in coupled carbon-nitrogen terrestrial biosphere models (CN-TBMs, Figure 1 ). Critically, these models attempt to predict global climate change and thus the smallest scale of plants represented in CNTBMs is usually above the level of the individual. No single relationship was consistent with all of the results, which implies that more work is needed to determine a generalizable model. However, in over 94% of the 39 microcosm and pot experimental conditions, we considered (i.e. ignoring the field data for the moment), plant community nitrogen uptake rate was either independent of fine-root mass entirely (67%) or independent of fine-root mass across all but the lowest fine-root densities (i.e. saturating at low fine-root mass, 28%). The two cases (5%) that showed a linear response had remarkably low fine-root mass (Figure 4f Figure 6 ). Further, these results were consistent with 70% of the field studies we reanalyzed from the literature (exp. 5, Figure 7) . The studied taxa include a C3 grass, a C4 grass, several forbs, numerous temperate angiosperm tree species, and numerous temperate and boreal gymnosperm DYBZINSKI ET AL.
| 891 tree species (Table 1) . In all the cases where nitrogen availability was manipulated (i.e. the microcosm and pot experiments 1-4), plant community nitrogen uptake rate increased with increasing nitrogen availability ( Figures 3, 4 and 6) . Thus, of the three different mathematical relationships currently used in coupled C-N TBMs (Figure 1) to relate community nitrogen uptake rate as a function of fine-root mass and nitrogen availability, our results generally support dependence on nitrogen availability, but independence or saturation of fineroot mass (compare Figure 1 with Figures 3, 4 and 6 ).
The previously published pot experiments (exp. 4) used a single seedling per pot and showed a saturating response between plant nitrogen uptake and fine-root mass (Figure 6 ), as did the one microcosm experiment that only had one individual per pot (Figure 4b ). In a separate study that expressly manipulated the density of seedlings while otherwise replicating the methods of the microcosm experiments presented here, we found that one of two species (Schizachyrium) demonstrated a similar saturating response when seedlings were grown in isolation (Supporting Information Figure S17e ) but T A B L E 1 Summary of most parsimonious fits by AICc to experimental and observational data: Mean = grand mean ( Figure 1a) ; Linear = zero-intercept linear (Figure 1b) ; Sat. = zero-intercept saturating (Figure 1c) However, such comparisons between microcosm-and pot-grown seedlings and field-grown adults may be questionable on numerous grounds, including differences in soil volume, environmental conditions, ontogeny, and community composition (Poorter et al., 2016) .
Species or habitat Form
Thus, we also sought to determine if our microcosm (exps. 1-3) and pot experiment (exp. 4) results were at least consistent with field data from forest plots in seven published systems (exp. 5). inconsistencies between fine-root mass profiles by depth, water, and nitrogen availability by depth, and tracer uptake rates by depth.
Although fine-root mass was not predictive, resource uptake rates were positively correlated with resource availability (Kulmatiski et al., 2017) , consistent with the results of the different nitrogen levels applied to the microcosms and pots in the experiments reported here.
| Implications for coupled carbon-nitrogen terrestrial biosphere models
There are two general approaches used to represent vegetation structure in CN-TBMs: vegetation that is prescribed at the standlevel (i.e. community-level) and vegetation that is determined via dynamic competition. Our results bear differently on these two approaches. Taken together, we find little empirical evidence to support inclusion of fine-root mass in the calculation of nitrogen uptake rates for stand-level CN-TBMs. There is evidence of a saturating relationship between fine roots and nitrogen uptake, but saturation , we separately fit models to all the data ("all root") and to only data for fine-root mass less than 90 g/m 2 ("root <90") dependence, stand-level CN-TBMs effectively introduce a parameter (or in the case of a saturating relationship, two parameters) that is unnecessary, needlessly increasing model complexity and uncertainty. Furthermore, it forces an unfounded relationship between belowground carbon allocation and nitrogen uptake rates if-as supported by the results presented here-there is no strong relationship between plant community nitrogen uptake rate and fine-root mass at field-relevant values.
This result grinds against intuition that more root production at the individual level should equal more uptake capacity. Indeed, our two-species replacement series microcosm experiment (exp. 3) demonstrated that having a greater fraction of the community root mass will lead to a greater share of nitrogen uptake (Figure 5a ). At the same time, however, the community-level nitrogen uptake rate was unaffected by fine-root mass (Figure 5b ). Thus, we suggest that CN-TBMs that do explicitly model belowground competition (e.g. Weng et al., 2015 , Weng, Farrior, Dybzinski, & Pacala, 2017 should scale individual plant nitrogen uptake rates by the individual's fineroot mass relative to community-level fine-root mass, multiplied by nitrogen availability (Dybzinski et al., , 2011 McNickle, Gonzalez-Meler, Lynch, Baltzer, & Brown, 2016; Weng et al., 2017) . Fineroot mass may be prescribed as a trait of a given plant functional type, or, better, solved as an evolutionarily stable strategy (ESS), that is, by determining the resident fine-root mass for which no alternative individual-level fine-root mass would be more competitive (Weng et al., 2017 (Weng et al., , 2015 . In addition, models that explicitly include rhizosphere priming effects may benefit from the inclusion of absolute fine-root mass in nitrogen uptake rate functions, but only for the fraction of nitrogen made available by priming (Cheng et al., 2013 ).
| A game-theoretic interpretation of the results
How do our results, which suggest that plant community nitrogen uptake rate was largely independent of fine-root mass ( Figures 3, 4 and 6), even though nitrogen was limiting (Supporting Information Figures S2 and S8 ), square with observations of fine-root mass (or its correlates) changing consistently along environmental gradients?
Fine-root mass and/or fine-root mass usually decreases in response to experimental nitrogen additions (Li et al., 2015) and usually increases in patches of relatively higher nitrogen availability (Hodge, 2004 (Farrior et al., 2013; Gower, Vogt, & Grier, 1992; Jackson, Cook, Pippen, & Palmer, 2009) . Moreover, in our experiment, all other resources (light, water, and macro-and micronutrients) were provided in equal and abundant measure across treatments. Because the low-nitrogen plants were smaller, they had relatively more macro-and micronutrients available to them per unit plant mass and had to move less water to maximize photosynthetic rates, making it improbable that they were limited by any other belowground resource.
These two observations, that fine-root mass often changes in predictable ways across environmental gradients (e.g. citations above), and that plant community nitrogen uptake rate appears independent of fine-root mass (i.e. this study), are not mutually exclusive.
Indeed, they are predicted by game-theoretic models of individualbased plant competition for nitrogen (Dybzinski et al., , 2011 Farrior et al., 2013; Gersani et al., 2001; McNickle & Dybzinski, 2013; McNickle et al., 2016) , in which natural selection is seen to Table S4 . We fit each set of data with three models corresponding to those commonly used in terrestrial biosphere models (see Figure 1 ): M = grand mean (black, Figure 1a) ; L = zero-intercept linear (purple, Figure 1b) ; S = zero-intercept saturating (orange, Figure 1c) . The most parsimonious model is shown as solid and dark, and the other models are shown as dashed and transparent along with their number of ΔAIC points above the most parsimonious model. Open symbols represent ambient CO 2 plots, whereas closed symbols represent elevated CO 2 plots. Note that, unlike the microcosm or pot experiments, these field data do not have independent control (or even independent measures) of nitrogen availability. Thus, to the extent that nitrogen availability and fine-root mass are correlated, these figures confound the effects of nitrogen availability with fine-root mass favor plants that "over-proliferate" their fine roots for competitive reasons. Although the flux of nitrogen controlled by soil microbial decomposition and taken up by the plant community may be fixed and unaffected by community-level fine-root mass (Figure 5b ), an advantage goes to an individual with more fine roots than its neighbors because it gains a greater share through diffusion and mass flow ( Figure 5a ) and thus "preempts" nitrogen that would have otherwise gone to its neighbors (Craine, Fargione, & Sugita, 2005; Gersani et al., 2001; Zhang, Sun, & Jiang, 1999 It is perhaps useful to note that fine-root overproliferation may be, to some extent, a fixed trait among many contemporary plant species because of their consistent evolutionary history of competition (McNickle & Dybzinski, 2013) . Fine root overproliferation may also be, to some extent, a plastic trait among many contemporary plant species because of their inconsistent evolutionary history of competition, in which individuals that could perceive and respond to competitors via overproliferation benefited by not over-proliferating in the absence of competition (McNickle & Dybzinski, 2013 ). An analogy aboveground may be helpful: Many plants (trees included) will grow tall even when grown in isolation (a fixed response), but many plants will also grow taller if they perceive a shift in the red to far-red ratio consistent with the presence of competitors (a plastic response) (Dudley & Schmitt, 1996) . Thus, it seems reasonable to believe that the saturation of the nitrogen uptake rate with fine-root mass exhibited in the pot experiments that used single individuals (Figures 4b and 6 , Supporting Information Figure S17e ) reflects a fixed component of fine root overproliferation, whereas the independence of the nitrogen uptake rate with fine-root mass exhibited in the microcosm experiments that used many individuals ( Figures 3, 4 (all but b), and 5) reflects both fixed and plastic components of fineroot overproliferation. Indeed, density, species identity, and intra-vs.
interspecific interactions all have the potential to change the plastic fine-root overproliferation response.
| Caveats and questions for future research
Our method for determining the nitrogen uptake rate in experiments 1-4 relies on the use of seedlings, the only plant stage for which it is safe to assume that nitrogen loss rates are negligible compared to nitrogen uptake rates. Thus, an important caveat of our method and results is that ontogeny is conflated with our measure of nitrogen uptake rate as a function of fine-root mass: The smaller fine-root masses are from smaller, younger plants, and the larger fine-root masses are from larger, older plants. Indeed, nitrogen uptake rates at higher fine-root mass values (i.e. older plants) sometimes declined (e.g. Figure 3a ,b, 4n and 6b,d), indicating that the assumption that nitrogen losses are negligible was likely violated in these older plants. We cannot reject the possibility that changes in root physiology over time affected our results. However, results from a separate study that manipulated seedling density show that ontogeny had little, if any, effect on the results (Supporting Information Figure S18 ):
for fine-root mass greater than approximately 50 g/m 2 , microcosms harvested on the same day with differences in fine-root mass attributable to different planting densities showed an obvious relationship between plant community nitrogen uptake rate and nitrogen availability but no consistent relationship between plant community nitrogen uptake rate and fine-root mass. Moreover, a rejection of our conclusions based on methodological concerns about greenhouse microcosm and pot studies, understandable as they are, would be unwarranted given that data synthesized from a series of field studies ( Figure 7 ) and two published field tracer studies (Kulmatiski et al., 2017; Zhu et al., 2016) are largely consistent with the greenhouse microcosm and pot experiment results, as discussed above.
Additional factors have the potential to alter or refine the conclusions presented here, including relationships between fine-root mass and the rhizosphere community, connections between nitrogen uptake rate and other fine-root traits, and possible dependence of other soil resource uptake rates on fine-root mass. Although we did not sterilize our substrate or attempt to exclude microbes, our methodology likely omitted any substantial interactions with mycorrhizal fungi, which are known to play an important role in soil nitrogen cycling (Schimel & Bennett, 2004) . Thus, it remains an open question to what extent the presence of an established mycorrhizal network might change the relationship between plant community nitrogen uptake rate, nitrogen availability, and fine-root mass found in this study. Similarly, the lack of an established soil community may have affected the influence of rhizosphere priming effects (Phillips et al., 2012) , which might be expected to scale linearly with fine-root mass. Nor did we measure other morphological or architectural root traits, such as fine-root area, fine-root length, root hair density, branching ratio, branching intensity, root tip density, etc. (McCormack et al., 2017) . Although our measure of fine-root mass is certainly appropriate for CN-TBMs, these other traits are more directly linked to fine-root function. Thus, future studies that replicate our methodology but that also measure these fineroot traits may yield insights that are not possible by measures of fineroot mass alone. Note that any insights different than those presented here would necessarily require that the alternative fine-root trait scales nonlinearly with fine-root mass. If it scaled linearly, the results would be qualitatively identical to those presented here for fine-root mass. Anecdotally, we noted no visible change in fine-root diameter across harvests within a given species. Finally, we focused on nitrogen exclusively; we can say nothing about whether uptake rates of other belowground resources, many of which may be more diffusion-limited (e.g. phosphorus), depend on fine-root mass. Nor can we say whether interactions between limiting resources and/or luxury uptake (Agren, 2008; Sistla, Appling, Lewandowska, Taylor, & Wolf, 2015; Wright, Reich, & Westoby, 2003) may depend on fine-root mass.
| Final remarks
In the absence of data relating nitrogen availability, fine-root mass, and nitrogen uptake rate, coupled carbon-nitrogen terrestrial biosphere models (CN-TBMs) have either assumed no dependence, linear dependence, or saturating dependence on fine-root mass ( Figure 1 ). Because fine roots are responsible for capturing nitrogen, CN-TBMs that include fine-root dependence may be considered a mechanistic advance (Ghimire et al., 2016; Matamala & Stover, 2013) , but the results presented here suggest that CN-TBMs that model vegetation at the community-level might be more accurate if they omit fine-root mass in nitrogen uptake equations. We determined the empirical relationship between these variables for 46 unique combinations of species, nitrogen levels, and growing conditions, and the results provide support for models whose plant community nitrogen uptake rates depend on nitrogen availability but not on fine-root mass. In contrast to most existing CN-TBMs, CN-TBMs that explicitly include competition for donor-controlled soil resources, along with the necessary individual-level competition,
should include relative fine-root mass for competitive reasons (e.g. Weng et al., 2015 , Weng et al., 2017 . We believe such an approach has the potential to link the carbon and nitrogen cycles in a more mechanistically realistic way.
